Purpose The aromatase inhibitors (AI) exemestane (EXE), letrozole (LET), and anastrozole suppress estrogen biosynthesis, and are effective treatments for estrogen receptor (ER)-positive breast cancer. Prior work suggests that anastrozole blood concentrations are associated with the magnitude of estrogen suppression. The objective of this study was to determine whether the magnitude of estrogen suppression, as determined by plasma estradiol (E2) concentrations, in EXE or LET treated patients is associated with plasma AI concentrations. Methods Five hundred post-menopausal women with ERpositive breast cancer were enrolled in the prospective Exemestane and Letrozole Pharmacogenetic (ELPh) Study conducted by the COnsortium on BReast cancer phArmacogomics (COBRA) and randomly assigned to either drug. Estrogen concentrations were measured at baseline and after 3 months of AI treatment and drug concentrations were measured after 1 or 3 months. EXE or LET concentrations were compared with 3-month E2 concentration or the change from baseline to 3 months using several complementary statistical procedures. Breast Cancer Res Treat (2017) 165:659-668 DOI 10.1007 Results Four-hundred patients with on-treatment E2 and AI concentrations were evaluable (EXE n = 200, LET n = 200). Thirty (7.6%) patients (EXE n = 13, LET n = 17) had 3-month E2 concentrations above the lower limit of quantification (LLOQ) (median: 4.75; range: 1.42-63.8 pg/mL). EXE and LET concentrations were not associated with on-treatment E2 concentrations or changes in E2 concentrations from baseline (all p [ 0.05).
Introduction
The third generation aromatase inhibitors (AIs) exemestane (EXE), letrozole (LET), and anastrozole are very effective for the treatment of estrogen receptor-positive (ER?) breast cancer. In the adjuvant treatment of post-menopausal patients, 5 years of AIs improve absolute 10-year survival by approximately 2.1% compared to 5 years of tamoxifen [1] . When combined with estrogen suppression in premenopausal patients AIs have an estimated 10-15% benefit in breast cancer free interval compared to tamoxifen [2] . However, AIs are associated with common side effects such as arthralgias, myalgias, and hot flashes, and more serious side effects including increased risk of fragility fractures [3] .
AIs are used exclusively in the treatment of hormone receptor-positive breast cancers, many of which rely on endogenous estrogens including estradiol (E2) and estrone (E1) to stimulate estrogen receptor (ER) signaling and proliferation. AIs inhibit aromatase-mediated conversion of androgens to estrogens, suppressing systemic estrogen concentrations to below detectable levels in most patients [4, 5] . Robust estrogen suppression is presumed to be necessary for treatment efficacy and hypothesized to be the causal mechanism for AI-related toxicities [6, 7] .
In the prospective Exemestane and Letrozole Pharmacogenetics (ELPh) study of post-menopausal patients randomized to either EXE or LET conducted by the COnsortium on BReast cancer phArmacogomics (COBRA), there was substantial variability in the magnitude of estrogen suppression [8] . A subset of patients had measurable E2, E1, and estrone-sulfate (E1-S) plasma concentrations after 3 months of AI treatment, with some patients exhibiting increased estrogen concentrations from baseline.
Given the central role of estrogens and ER signaling in breast cancer pathogenesis, the observed lack of estrogen suppression in a subset of patients receiving AI therapy could potentially contribute to treatment failure. Therefore, it is critical to identify the mechanism by which some patients have persistently elevated estrogen concentrations during AI treatment. Prior work has suggested that patients whose estrogen concentrations remain stable or increase while receiving anastrozole treatment was associated with significantly lower systemic anastrozole concentrations [9] . Therefore, the objective of the current study was to analyze data from the ELPh trial in order to extend this hypothesis to include EXE and LET. Specifically, we hypothesized that incomplete E2 suppression in post-menopausal patients with ER? breast cancer receiving EXE or LET treatment is due to insufficient systemic concentrations of these AIs.
Methods

Patient cohort
This secondary correlative analysis of on-treatment concentrations of AIs and E2 was carried out in the previously published ELPh cohort of post-menopausal women diagnosed with stage 0-III hormone receptor-positive breast cancer [10, 11] . Post-menopausal status was defined as one of the following: age [ 60 years, prior bilateral oophorectomy, amenorrhea for 1 year with intact uterus and ovaries, or serum estradiol and FSH concentrations consistent with post-menopausal status and either amenorrhea for 6 months or prior hysterectomy at the time of enrollment. Patients considering AI treatment upfront or following tamoxifen at three cancer centers (Indiana University Cancer Center, Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins University, and the University of Michigan Comprehensive Cancer Center) from August 2005 to July 2009 were enrolled in the ELPh study (ClinicalTrials.gov identifier: NCT00228956), an open-label randomized clinical trial conducted by the Consortium on Breast Cancer Pharmacogenomics (COBRA). The Institutional Review Boards of each participating site approved the protocol and all patients provided written informed consent prior to enrollment.
Patients were randomized to receive oral EXE 25 mg/day or LET 2.5 mg/day for 2 years, with stratification based on previous treatment with chemotherapy, tamoxifen, and bisphosphonates. Surgery and/or radiation and systemic chemotherapy were completed prior to enrollment. Data and samples collected from ELPh have been used for several correlative analyses of AI treatment outcomes [11] [12] [13] [14] .
Estrogen concentration sample collection and measurement
Whole blood samples were collected prior to AI treatment initiation (baseline) and after 3 months of AI treatment. Collection and measurement of estradiol (E2), was previously described [8] . E2 was measured in plasma isolated immediately after sample collection by inVentiv Health (Princeton, NJ) using an established ultrasensitive gas chromatography, tandem mass spectroscopy (MS/MS) assay [15] . Calibration curves were obtained by performing weighted linear regression and lower (LLOQ) and upper (ULOQ) limits of quantification were estimated for each analytical run. Although the previous analysis reported multiple LLOQs, they were not meaningfully different. For this analysis, the higher LLOQ was used for all results for simplicity: E2 (LLOQ: 1.25 pg/mL, ULOQ 80 pg/mL).
Drug concentration sample collection and measurement
Concentrations of EXE and LET were measured in plasma isolated from blood samples collected after 1 or 3 months of treatment. Patients were instructed to take their daily AI dose 2 h before the blood draw for estimation of an approximate steady-state maximum concentration (Cmax). EXE was measured using a validated LC/MS/MS method as previously described [16] with LLOQ = 2.5 ng/mL. LET was measured by high-performance liquid chromatography (LC) with fluorescent detection as previously described [17] , with LLOQ = 7.0 ng/mL.
Statistical methods
For all quantitative analyses, concentrations below the LLOQ or above the ULOQ were set at the LLOQ or ULOQ, respectively. The association between steady-state drug concentrations and 3-month E2 concentrations, or E2 change from baseline to month 3, was analyzed in several complementary ways, with model assumption checks used to select appropriate analyses. The first series of analyses were conducted comparing steady-state drug concentrations with 3-month E2 concentrations. All patients with steady-state drug concentrations and 3-month E2 concentrations were included in these analyses. First, the association of drug concentration with a binary outcome corresponding to whether the 3-month E2 was below the LLOQ (Yes vs. No) was conducted via logistic regression. Second, the association of 3-month E2 concentration with a binary predictor corresponding to whether the patient had measurable drug concentration was conducted via Wilcoxon Tests. Finally, the association of binary indicators of whether the steady-state drug and 3-month E2 concentrations were above the respective LLOQs was compared via Fisher's exact tests.
Drug concentrations were then compared with changes in E2 concentrations from baseline to three months. Only patients with concentrations at both time points, and measurable concentrations at baseline, were included in these analyses. The association of drug concentrations with an ordinal outcome of the change in E2 concentration from baseline to month 3 defined as, E2 increased, E2 decreased but not to below LLOQ, and E2 decreased to below LLOQ, was conducted via cumulative logistic regression. A similar analysis was then performed after collapsing the two groups of patients whose E2 decreased, directly comparing them with the patients whose E2 increased via MannWhitney U Test. Finally, steady-state drug concentration was compared with the percent change in E2 concentration from baseline to 3 months via Spearman correlation. Analyses were conducted using two-sided tests with an uncorrected significance threshold of p \ 0.05 in SAS version 9.4, and R version 3.3.1.
Results
Steady-state AI concentrations
Of the 500 patients enrolled in the ELPh clinical trial, 476 had plasma AI concentrations measured at 1 or 3 months. AI concentrations were below LLOQ in 25 (11%) patients receiving EXE (LLOQ = 2.5 ng/mL) and 2 patients (1%) receiving LET (LLOQ = 7.0 ng/mL). In the patients whose AI concentrations were above the LLOQ, the median concentration of EXE was 8.05 ng/mL (range: 2.7-72.0 ng/mL) and LET was 92.0 ng/mL (range: 28.4-349.2 ng/mL).
3-month E2 concentrations
Of the 476 patients with steady-state AI concentrations, 400 also had 3-month E2 concentration data, as described in the CONSORT diagram in Fig. 1 . The demographic data for these patients are reported in Table 1 . Participants were 89% Caucasian and had a mean age of 59.8 years (range 35-89), which did not differ by arm. At the 3-month E2 measurement, 370 patients (EXE = 187, let = 183) had E2 concentrations below the LLOQ (1.25 pg/mL). In the remaining 30 (EXE = 13, let = 17) patients, the median E2 was 4.75 pg/mL (range: 1.42-63.8 pg/mL). The 3-month E2 concentrations and changes from baseline to month 3 have been previously reported in detail, including a comparison between the two AIs [8] .
Association of drug and 3-month E2 concentrations
In the 400 patients with steady-state drug concentrations and 3-month E2 concentrations, median steady-state concentrations of EXE and LET were not significantly different in patients who did and did not achieve E2 suppression \ LLOQ, respectively (EXE: 7.7 vs. 6.4 ng/ mL, p = 0.79, LET: 88.8 vs. 105.7 ng/mL, p = 0.63, Table 2 , Fig. 2) . Similarly, median 3-month E2 concentrations were not different when comparing the 18 patients with concentrations of either AI below LLOQ (median 3-month E2 = 1.25 pg/mL, range: 1.25-1.25 pg/mL) with the patients with measurable concentrations for EXE (n = 183, median E2 = 1.25 pg/mL, range: 1.25-54.0 pg/ mL, p = 0.26), LET (n = 199, median E2 = 1.25 pg/mL, range: 1.25-63.8 pg/mL, p = 0.77) or either drug (n = 382, median E2 = 1.25 pg/mL, range: 1.25-63.8 pg/ mL, p = 0.22, Table 3 , Fig. 3 ). Finally, patients with 3-month E2 concentrations above LLOQ were not more likely to have steady-state concentrations of EXE (p = 0.61) or LET (p = 1.0) below LLOQ (data not shown). Change in E2 concentrations from baseline to month 3
Of the 400 patients with steady-state drug and 3-month E2 concentrations, 371 also had a measurable baseline E2 concentration. This subset was similar to the larger cohort of patients who had 3-month E2 concentrations (Table 1) . In these 371 patients, 4% (14/371) had an increase in E2 from baseline to three months, 4% (16/371) had a decrease but not to below LLOQ, and 92% (341/371) had a decrease to below LLOQ. Representing these changes as a percentage change in E2, wherein E2 suppression below LLOQ = -100% and increases in E2 from baseline are positive values, the median change in E2 was -74% (range -100%, 2320%).
Association of drug and change in E2 concentrations
Considering only those patients with measurable E2 at baseline (n = 371), median steady-state EXE or LET Table 2 ). These findings do not change meaningfully if the two groups of patients whose E2 decreased are combined and compared directly with the patients whose E2 increased (data not shown). Finally, there was no statistical correlation between steady-state plasma AI concentrations and percent change in E2 from baseline to 3-months (EXE: p = 0.63, LET: p = 0.97, Fig. 4 ).
Discussion
AIs inhibit aromatase-mediated conversion of androgens to estrogens, resulting in suppression of systemic estrogen concentrations that impedes ER-mediated proliferation of ER? breast tumors. Most patients on AI treatment have estrogen concentrations below measurable levels [5, 18] , even when measured using high-sensitivity estrogen measurement assays [15] . In the prospectively enrolled ELPh cohort of post-menopausal patients treated with EXE or LET, there was substantial variability in the on-treatment concentrations of E2, E1, and E1S, with approximately 10-20% of patients continuing to have measurable estrogen concentrations during active treatment [8] . We hypothesized that persistence of measurable estrogen concentrations during AI treatment was due to insufficient AI systemic concentrations, perhaps due to rapid metabolism or lack of adherence to AI therapy. Plasma estradiol concentrations after 3 months of AI treatment, and concentration changes from baseline to three months, were compared with steady-state concentrations of EXE and LET using a variety of complementary approaches. AI concentrations were similar in the patient subsets whose E2 remained above the LLOQ or increased during treatment, when compared with the patients whose estrogens decreased as they are expected to. Additionally, counter to our hypothesis, the patients whose AI AI Aromatase inhibitor, E2 Estradiol, EXE Exemestane, LET Letrozole, LLOQ Lower limit of quantification (EXE = 2.5 ng/mL, LET = 7.0 ng/mL) concentrations were below our assay's limits of quantification, did not exhibit higher E2 concentrations. In fact, all 18 of these patients (17 on EXE, 1 on letrozole) had E2 concentrations below LLOQ. Based on these results there is no evidence that persistence of measurable systemic estrogen concentrations during AI treatment is due to insufficient EXE or LET concentrations. While our study is the first to examine EXE and LET, our results are somewhat inconsistent with those reported by Ingle et al. in secondary analyses of a cohort of postmenopausal patients treated with the other 3rd generation AI, anastrozole. In the original analysis of 191 patients, there was no association between anastrozole trough concentrations and on-treatment or treatment-induced changes in E1 or E2 [19] . However, two patients with undetectable anastrozole concentrations had minimal estrogen suppression from treatment. Both patients had high concentrations of an inactive anastrozole metabolite, suggesting they were rapid anastrozole metabolizers, supporting our overall hypothesis. A statistical association between anastrozole and estrogen concentrations was detected in an expansion cohort of 649 patients. Systemic anastrozole concentrations were significantly lower in the subsets of patients whose E2 (8.9%, p = 1.6 9 10 ) did not decrease during treatment [9] . Intriguingly, these patients had significantly lower baseline concentrations of each estrogen, suggesting these findings may not reflect AI treatment response. A comparable analysis in our cohort did not detect a significant difference in EXE or LET concentrations in patients whose E2 (n = 14) did not decrease from baseline. Additionally, parallel analyses of E1 and E1-S at 3-months or change from baseline in our cohort did not detect any meaningful associations with plasma EXE or LET concentrations (data not shown).
These discrepant findings could be due to several differences between the studies. The prior analysis was conducted in anastrozole treated patients, whereas our patients were treated with the other two 3rd generation AIs, EXE and LET. Estrogen concentrations may be more sensitive to changes in anastrozole concentration, which would be consistent with the more robust estrogen suppression caused by LET compared with anastrozole [20] and the comparable suppression from EXE and LET [8] . Additionally, the prior analysis used trough drug concentrations (i.e., minimum concentrations collected prior to dosing), whereas our analysis utilized peak concentrations (i.e., maximum concentrations collected 2-4 h after dosing). The relationship between systemic drug concentrations and treatment outcomes is often stronger with one of these measurement time points [21] ; however, given their extended half-lives and daily dosing, the AIs accumulate from repeated dosing and steady-state peak and trough concentrations should not be substantially different.
There are a number of other potential alternate reasons for the discrepant findings. It is possible that they were attributable to differences in adherence. Measurement of systemic drug concentration at a single time point reflects recent treatment compliance but is minimally informative for adherence over a prolonged treatment period. In our study estrogen concentrations were measured after 3 months of AI treatment, whereas in the prior analysis, estrogens were measured up to 6 months after treatment initiation. As adherence is known to decrease with continued treatment [22] , it is possible that more patients from the prior study had discontinued treatment by the time of sample collection, and thus had measurable estrogens and low drug concentrations. It is also possible that measurable estrogen concentrations in patients taking AIs were due to exogenous estrogen administration, not lack of treatment response. Fifteen patients (3%) reported use of vaginal estrogens including Estring, Vagifem, or Estrace, which were allowed for vaginal symptoms but strongly discouraged based on the study protocol. Finally, there were two women younger than age 50 enrolled in the trial who were post-menopausal at the time of study entry according to the eligibility criteria and who had not undergone bilateral oophorectomy, but who developed elevated E2 concentrations. While it is possible that they could have recovered ovarian function without resumption of menses [23] , it is unlikely that this would have substantially altered the overall findings and results of a secondary analysis restricted to patients [60 years old were not meaningfully different (data not shown).
We have previously identified genetic and clinical predictors of systemic concentrations of LET [17] and EXE [16] in the ELPh cohort. These variables could be useful for personalizing AI dosing, if drug concentrations are predictive of a meaningful clinical outcome. However, currently, there is little evidence to support doing so [24] . In this analysis, we attempted to demonstrate that systemic drug concentrations were predictive of the magnitude of estrogen suppression, which in turn may be a surrogate of treatment outcomes. Robust estrogen suppression is assumed to be critical for efficacious AI treatment based on the recognition that ER? breast cancer cells are more likely to rely on estrogenic signaling and the established efficacy of AIs and agents that antagonize the estrogen receptor (i.e. tamoxifen) [1, 25] . However, despite their more robust estrogen suppression, EXE and LET have not demonstrated superior efficacy when compared with anastrozole in clinical trials [26] [27] [28] . Similarly, there is limited direct evidence verifying the hypothesis [6, 7] that AI toxicities are associated with estrogen suppression [24, [29] [30] [31] . Additional research is needed to verify the putative associations between the AI drug concentrations or estrogen suppression with meaningful treatment outcomes, to warrant further discovery of the causal factors associated with these endophenotypes.
In this prospectively enrolled cohort of post-menopausal patients with ER? breast cancer treated with EXE and LET, steady-state drug concentrations were not associated with the magnitude of estrogen suppression during treatment. Persistence of measurable estrogen concentrations in patients taking AIs, particularly in patients with drug concentrations indicative of treatment adherence, may be due to some other mechanism. It is possible that some patients had residual ovarian function at baseline or regained ovarian function during treatment. Weight is another confounding factor, as patient's body mass index was associated with estrogen concentrations at baseline but not during AI treatment [8] . Another potential mechanism is germline genetic variability in CYP19A1, which codes for aromatase [32] [33] [34] . Ongoing sequencing analyses of germline DNA collected from patients in the ELPh cohort will further investigate this possibility. Discovery of the causal mechanism for persistent measurable systemic estrogen concentrations in patients on AI treatment, and validation that estrogen suppression is predictive of meaningful clinical outcomes, would warrant development of individualized treatment approaches for patients with ER? breast cancer to optimize therapeutic outcomes.
